INTRODUCTION
Two roles have been proposed for the conserved tryptophan residue at position 59 in cytochrome c. One is that it helps to provide a stabilizing hydrophobic core to the protein via its large aromatic side chain [1, 2] . The second and seemingly more obvious role is that the indole nitrogen helps to stabilize the carboxylate group of haem propionate 7 via a hydrogen-bond-donating interaction ( Figure 1 ) [1, 3] .
Previous experimenters have explored the role of tryptophan via chemical modification or mutagenesis. When the indole nitrogen of tryptophan was formylated in the horse protein, changes occurred in the protein, including a low succinate oxidase activity of 5-8 % and an absence of the 695 nm charge transfer band [4] . These results were interpreted to mean that tryptophan has some sort of role in stabilizing the protein fold, possibly by modulating the Met-80-haem-iron coordination geometry or by a hydrogen-bonding interaction with the haem moiety [4] . Through mutagenesis experiments it has been found that a phenylalanine residue can replace tryptophan, resulting in a biological activity (as measured by yeast growth rates in nonfermentable medium) that was nearly indistinguishable from that of the wild type [2] . Tyrosine and, to a smaller extent, leucine could also replace tryptophan and still retain a reasonable level of function [2, 3] . Finally, glycine, serine and cysteine were found to produce cytochromes c with little or no biological function [3] . The measurement of growth rates on synthetic lactate medium cannot specifically examine the protein's reduction-oxidation potential or its interaction with physiological partners and therefore is not nearly as sensitive as the assays in itro that are currently used. The main conclusion from the above studies is that, although tryptophan does form part of the hydrogen-bond 1 To whom correspondence should be addressed (e-mail kmblack!is2.dal.ca).
coded amino acid : p-iodophenylalanine, β-(3-pyridyl)-alanine or β-(2-naphthyl)-alanine. Replacement of Trp-59 with these noncoded amino acids allows the reasons for its conservation to be analysed, because they vary with respect to size, hydrophobicity and hydrogen-bond potential. Our results show that decreasing the bulk and hydrophobicity of the side chain at position 59 has a profound but different impact on physicochemical and biological parameters from those of abolishing hydrogen-bond donor potential. This suggests that Trp-59 has both a local and a global stability effect by solvating a buried charge and by having a key role in the packing of the cytochrome c hydrophobic core.
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Why, then, is tryptophan absolutely conserved at this position ? The earlier studies have suggested a complex role for this large side chain. We therefore designed analogues to test specific sidechain features of tryptophan that might contribute to its role at this position in cytochrome c.
The indole moiety has three major characteristics that might be exploited in protein structure. It is the largest of the naturally occurring amino acids. This bulk, combined with its hydrophobic character, provides voluminous van der Waals interactions within the hydrophobic core of a protein. Secondly, the indole moiety is planar and aromatic, which permits ring-stacking and edge-toface interactions with other aromatic groups. Finally, the indole N-H bond can participate as a donor in hydrogen-bond interactions. In combination, these characteristics invest tryptophan with a unique multifunctionality. Our goal was therefore to explain the contribution of each of the three characters to the role of Trp-59 in protein structure.
To do this, three non-standard amino acid replacements were chosen : electrostatic surface-potential models of these amino acids are shown in Figure 2 (A). The first, β-(3-pyridyl)-alanine, has an aromatic heterocycle that is smaller than indole but still contains a nitrogen in approximately the same position as that of indole (Figure 2Aiii ). The pK for the nitrogen on an isolated pyridyl ring is usually approx. 5, but substitutions on the ring of non-electron-withdrawing groups can increase this value (e.g. the pK a of 2-methylpyridine is 6.0). More importantly, the carboxylate of nearby haem propionate 7 is in a position to form a salt bridge with the protonated form of this pyridyl nitrogen. The formation of a salt bridge in the folded conformation of a protein causes the apparent pK of the acid (haem propionate 7) to be decreased and that of the base (pyridyl nitrogen) to be increased, so the salt bridge contributes to the stability of the folded protein, often by as much as 3-5 kcal\mol [5] . It is therefore expected that the pyridyl nitrogen is protonated at physiological pH and is able to participate in the hydrogen-bond network. Thus the β-(3-pyridyl)-Ala replacement tests the requirement for size and planar aromatic character.
The second replacement, p-iodo-phenylalanine, also has an aromatic side chain. However, whereas the iodine substitution creates a side chain of similar volume to that of tryptophan, the iodo group is spherical, not planar. In addition, this side chain cannot be a hydrogen-bond donor and in fact the electronegative iodo substitution (seen as greenish-brown in Figure 2Aii ) might even repel the haem propionate group. Thus the p-iodo-Phe substitution tests the requirement of hydrogen-bond donor ability as well as planar aromatic character.
The third variant, β-(2-naphthyl)-alanine, provides a bulky and planar aromatic group, so its side chain has the size and aromatic character that permit good planar interactions but it cannot form a hydrogen bond (Figure 2Aiv ). This substitution was designed to test the requirement of hydrogen-bond donor potential while retaining identity with tryptophan in almost every other aspect.
Integration of the results from these three replacements should provide a useful analysis of why evolution employs tryptophan at position 59 in cytochrome c. However, the desired changes cannot be made by mutagenesis and the preferred method for the introduction of non-coded substitutions, protein semisynthesis [6] [7] [8] , has not until now provided access to position 59.
We have overcome this problem by development of the synergistic use of mutagenesis and stereoselective fragment religation [9] . The non-covalent reassociation of CNBr cleavage fragments in a near-native conformation can be followed by an autocatalytic aminolysis of the homoserine lactone ring terminating one fragment by the proximate α-amino group of the contiguous fragment. We have shown that by mutagenically shuttling methionine residues within the primary sequence we can reproduce this phenomenon at a variety of sites. One of the useful sites discovered in our trial [9] is position 55, where the methionine replaces a lysine residue at a normally quite variable position ; this is convenient for the preparation of analogues at the position normally occupied by the unique tryptophan. We therefore report, for the first time, the use of this approach to create a semisynthetic yeast cytochrome c incorporating noncoded amino acids.
MATERIALS AND METHODS

Materials
Hexokinase was purchased from ICN Biomedicals (Aurora, OH, U.S.A.). Cytochrome oxidase preparations were a gift from the laboratory of Dr Jack Kornblatt (Concordia University, Montreal, Quebec, Canada) where they were isolated by Isabelle Rajotte.
Isolation of cytochrome c from yeast
Yeast iso-1 cytochrome c containing the mutations C102T and K55M was isolated from 6-litre cultures of Saccharomyces cere isiae with previously described protocols [10] .
Semisynthesis with methionine-scan yeast variants
We used a slight variation of previously described semisynthesis protocols [10, 11] . In brief, cytochrome c and CNBr were mixed together in a 1 : 1 weight ratio in 88 % (v\v) formic acid and incubated overnight at 21 mC. The resulting peptide fragments were separated on a Sephadex G-50 gel-filtration column (2.5 cmi100 cm), with 7 % (v\v) formic acid as eluent. The haem-containing fragment was collected and freeze-dried.
Peptides corresponding to the required non-haem fragments of cytochrome c (yeast sequence 56-103) were produced at the University of British Columbia in accordance with previously described protocols [12] . The haem-containing fragment and synthetic non-haem fragment were dissolved independently in distilled water. The haem and non-haem fragments were then mixed in a 1 : 2 molar ratio and brought to 50 mM phosphate, pH 7, by the addition of 1 M potassium phosphate. The mixture was reduced with minimal sodium dithionite, sealed in a gastight syringe and incubated overnight at 21 mC in the dark. The mixture was separated on a Sephadex G-50 gel-filtration column and the fractions containing whole cytochrome c were pooled, desalted into 1 % (v\v) acetic acid with a Sephadex G-25 column (2.5 cmi30 cm), freeze-dried, and stored in 50 mM phosphate at k20 mC.
Reduction-oxidation potential
The redox potentials were measured with a variation of the ' method of mixtures ' [13] : 50 µl of 0.1 M ferrocyanide was added to 450 µl of cytochrome c (4-10 µM in 50 mM potassium phosphate, pH 7.0, 25 mC) ; 0.1 M ferricyanide was added in small increments to make buffers of known redox potential. The state of the redox equilibrium of the cytochrome c was determined by comparison of A &&! of the sample with that of fully oxidized or fully reduced controls. The logarithm of the ratio of ferrocytochrome to ferricytochrome was plotted against the logarithm of the corresponding ferrocyanide-to-ferricyanide ratio. The redox potential was determined by extrapolation of the midpoint of the ferrocytochrome-ferricytochrome equilibrium by using the equation
, where E ! h(FeCN) l 418 mV and b is the intercept of the log-log redox plot [14, 15] . Values are reported as meanspS.D. for triplicate samples.
pK of the alkaline transition
Solutions of cytochrome c were spectrophotometrically titrated over the pH range 6.5-10.5, with the difference in A '*& and A ("! being measured at increments of 0.2 pH units [13] . The titration curve for the transition of cytochrome c from state III to state IV was plotted and the pK of the disappearance of the 695 nm band was measured by non-linear regression analysis with NLREG software (Sherrod Software). Because only a small amount of each product was available, the titration was performed only once per sample.
Mitochondrial succinate oxidase activity
The mitochondrial succinate oxidase activity of each sample was determined by previously described methods [12, 16, 17] . In brief, into the assembled reaction chamber of a calibrated Clark-type oxygen electrode were added 4.1 ml of assay buffer [300 mM sucrose\75 mM glucose\9.4 mM MgCl # ,6H # O\9.5 mM K # HPO % (pH 7.0)\8.2 mM sodium succinate\2 mM ATP\0.11 mg\ml hexokinase] and 1 ml of cytochrome-c-depleted mitochondrial suspension (derived from rat liver). After the establishment of a linear baseline on the chart recorder, cytochrome c was added in increments and the slope on the chart recorder was measured for each addition. The corrected slopes (corrected by subtraction of the baseline slope) were plotted against the amount (nmol) of cytochrome c added. Activity was expressed as a percentage relative to a control protein by comparison of the initial slopes of plots made of oxygen consumption (slope) against the amount of protein. As described previously [18] , these percentages represent relative k cat \K m values, or catalytic strength. Values are reported as meanspS.D. for triplicate samples.
Cytochrome oxidase activity
Cytochrome oxidase activity was determined for each sample by previously described methods [18] . Into an assembled and calibrated Clark-type oxygen electrode was added 4.5 ml of assay buffer [50 mM Mops (pH 7.5)\0.3 % (w\v) Tween 80] was added and a linear baseline was established on the chart recorder. Allowing the linearity of the baseline to be re-established between additions, 63 µl of ascorbate solution (900 mM sodium ascorbate\1 M Tris base\2 mM EDTA), then 63 µl of 72 mM N,N,Nh,Nh-tetramethyl-p-phenylenediamine and finally 1 µl of cytochrome oxidase solution were added. Cytochrome c was then added in incremental amounts and the slopes produced were recorded. The corrected slopes (subtracting the slope of the baseline after the addition of oxidase) were plotted against the amount (nmol) of cytochrome c added and the activity was expressed as for succinate oxidase. Values are reported as meanspS.D. for triplicate samples.
Electrostatic surface-potential models of tryptophan replacements
The electrostatic surface potential was calculated for each of the amino acids chosen to replace Trp-59. The amino acids were constructed with MacSpartan software's Molecule Builder with assistance from M. St-Maurice. The and ψ backbone angles were fixed in accordance with those measured for Trp-59 in the crystal structure. Before electrostatic calculations, the modified amino acids were subjected to an initial geometry minimization to determine suitable starting structures. The electrostatic surface-potential map and optimized geometry of each amino acid was then determined with the ab initio level 3-21G(*) algorithm from MacSpartan software.
Molecular modelling of cytochrome c position 59 variants
Computer modelling of the position 59 variants was performed by C. Blouin. The Protein DataBase (PDB) coordinates of the starting structure for modelling of ferrocytochrome c were from the file 2YCC. The amino acid replacements were made at position 59 by modifying the side chain with BIOPOLYMER. Bond torsion angles were adjusted manually until the structure with minimal steric clashes was achieved. The coordinates of all atoms in the protein except those belonging to a subset of amino acids in a radius of 8 A H surrounding residue 59 were fixed to limit the time required for minimization calculations. Modelling was performed on an Indigo2 SGI platform with the operating system Irix 6.5.5 with INSIGHTII v.98.0 software from MSI with licences for BIOPOLYMER, DISCOVER 2.7.7, DISCOVER 3.0 and SKETCHER. A custom forcefield, named cvffIheme (a gift from Dr G. Brayer, University of British Columbia, Vancouver, British Columbia, Canada) was used for the calculations because it can accommodate the haem characteristics specific to c-type cytochromes. Modelling calculations involved a minimization step of 10 000 iterations of steepest descent followed by 100 000 iterations of Leapfrog molecular dynamics at 300 K, 1 fs per iteration, with a sampling of the trajectory occurring every 200 steps. After the calculations, the simulation was assessed for a stable conformation by using rootmean-square deviation and the average structure was calculated for use in comparisons with other structures.
RESULTS AND DISCUSSION
The synthesis of appreciable amounts of the tryptophan variant cytochromes c proved to be difficult because the yield of each autocatalytic fragment religation reaction was approx. 5-15 %. The ligation step therefore had to be performed multiple times for each variant and the product pooled. Given the limited amount of each synthetic peptide (5-20 mg), the total mass of each variant protein did not exceed 500 µg.
Space-filling models for each replacement amino acid were constructed from the calculations of electrostatic surface potential, which were colour-coded in accordance with their electrostatic surface potential : red corresponds to electronegative character, green to neutral character and blue to electropositive character (Figure 2A) . From these models, the size of each amino acid and areas of partial charge could be seen relative to the tryptophan residue found in wild-type cytochrome c. β-(2-Naphthyl)-Ala resembled tryptophan most closely in size and planarity but it lacked the electropositive region associated with the indole imine (Figure 2Aiv) . Similarly, the p-iodo-Phe residue closely resembled the overall size of tryptophan but it, too, lacked the electropositive region associated with the indole nitrogen and its iodine moiety occupies a spherical, rather than a planar, space (Figure 2Aiii) . Finally, although much smaller than tryptophan, β-(3-pyridyl)-Ala had a deviation in electrostatic potential in approximately the same position as the tryptophan indole nitrogen. The neutral form of the pyridyl moiety was modelled ; thus the red colour is representative of the electronegative character of the nitrogen (Figure 2Aii) . As mentioned previously, in the protein the pyridyl nitrogen is expected to be protonated owing to its proximity to the negatively charged haem propionate 7 and therefore would have an electropositive character similar to that of tryptophan ( Figure  2Ai) .
The variant protein structures containing β-(3-pyridyl)-Ala and β-(2-naphthyl)-Ala at position 59 were modelled to determine whether any structural changes were induced by the replacement of tryptophan with these residues. The p-iodo-Phe variant was not modelled because the forcefield used in the calculations could not accommodate iodine atoms. The β-(3-pyridyl)-Ala variant was modelled in both protonated ( Figure 2BII ) and neutral ( Figure 2BIII ) forms. In both cases this residue caused minimal structural perturbations in the surrounding protein. In the protonated form, a hydrogen bond measuring 1.92 A H is predicted between the pyridyl nitrogen and haem propionate 7. In the neutral form, the lone pair of electrons on the pyridyl nitrogen does repel slightly the charged carboxylate of haem propionate 7, resulting in a slightly different side chain position from that in the protonated form. Similarly, with β-(2-naphthyl)-Ala, only minor perturbations were observed and this residue occupied almost exactly the position of tryptophan ( Figure  2BIV ). One final feature of these replacements is that they all remain within the same plane as tryptophan rings and except for minor lateral adjustments to accommodate differences in interaction with haem propionate 7 their side chains might be virtually superimposable.
Our data clearly imply that the role of Trp-59 is much more complex than that of a mere hydrogen-bond donor. Reductionoxidation-potential values show that decreasing the size of the side chain has a greater impact than removing donor ability ( Figure 3I ). Comparison with the control (K55M) redox value of 275p2 mV showed that replacement with β-(3-pyridyl)-Ala, which is capable of hydrogen-bonding, produced a larger decrease in E m (254p10 mV) than those for p-iodo-Phe (265p8 mV) or β-(2-naphthyl)-Ala (266p4 mV), which might be incapable. Because a decrease in redox potential reflects a change in the ability of cytochrome c to stabilize its reduced state over its oxidized state differentially, it is clear that bulk and planar aromatic character at position 59 are more important in this context. If hydrogen-bonding were important to electrostatic screening of the propionate group, then its abolition would be expected to have greater adverse effects than those produced by decreasing the size of the side chain.
However, it was interesting to discover that the pK of the alkaline transition was not affected by decreasing the size of the side chain at position 59 or by eliminating the hydrogen bond ( Figure 3II ). The pK values of both the β-(3-pyridyl)-Ala and the β-(2-naphthyl)-Ala variants remained unchanged from the control value (K55M, pK '*& l 7.9). However, the alkaline transition pK decreased to 7.2 for the p-iodo-Phe variant, indicating some structural perturbation. Regrettably, the forcefield parameters established for molecular dynamics simulations of cytochrome c are not designed to process iodine atoms and precluded the modelling of this variant. However, we can speculate that the three lone pairs of electrons on the iodine atom cause repulsion of the negatively charged carboxylate group of haem propionate 7, leading to some strain in the structure.
The results of functional assays indicate a role for Trp-59 in electron transfer processes too. In the succinate oxidase assay ( Figure 3III ), in which cytochrome c reduction was rate-limiting, the β-(3-pyridyl)-Ala variant showed the greatest decrease in activity (60p1 % activity). Because the changes introduced in the cytochrome c structure are internal, and modelling does not reveal alteration to surface conformation, we discount changes to on\off rates for docking as the source of the altered kinetics and instead look to the act of electron transfer. In the formulation of long-distance electron transfer by Marcus and Sutin [19] , the principal variables affecting the rate are the distance between the redox centres, the ' driving force ' or ∆E m , and the energetics of reorganization of the medium surrounding the redox centre in response to the change in redox state. Although in this case the change in E m should produce an effect, the rate actually observed is lower than that expected from past observation [20] if drivingforce effects alone were responsible, which implies that decreasing the side chain size and increasing the solvation of haem propionate 7 also affects the reorganizational energy cost of the Fe(III)-Fe(II) transition. It is noteworthy that one of the conformational changes associated with the redox transition [21] is a change in the length of the hydrogen bond from propionate CO to indole NH. In contrast, abolishing hydrogen-bond potential while maintaining planar aromatic character resulted in only a slight decrease in activity, as demonstrated by the 88p2 % succinate oxidase activity for the β-(2-naphthyl)-Ala variant, which is entirely consistent with a 10 mV drop in E m . However, the activity of 62p1 % for the p-iodo-Phe variant is probably an underestimate owing to its lower ligand exchange pK of 7.2. At pH 7, enough of this variant would be in the inactive state IV to decrease the observed activity by approx. 33 %. Thus the actual activity of that portion of protein in the active state III conformation is probably close to that in the wild type. However, it is not possible to quantify the exact value corrected for pK changes because the state IV conformer inhibits the activity of the state III conformer in the succinate oxidase assay [22] .
In the cytochrome oxidase assay, in which ferrocytochrome c is oxidized by complex IV, a marked decrease in activity was observed for all three variants ( Figure 3IV ) : the β-(3-pyridyl)-Ala variant had the highest activity (44p6 %), whereas the p-iodo-Phe and β-(2-naphthyl)-Ala variants produced activities of 37p18 % and 33p10 % respectively. In contrast with the succinate oxidase assay, it seems that the loss of any of the characteristic aspects of the side chain has a substantial impact on cytochrome oxidase activity, although we cannot exclude, in the absence of modelling data, that structural perturbation also contributes to the effect on activity when piodophenylalanine replaces tryptophan.
However, if the effect of substitution on the transfer rate from ferrocytochrome to oxidase is not a consequence of an altered docking configuration induced by changes at the protein surface, it must result from impaired tunnelling between redox centres. We cannot implicate driving force effects ; in transfers from cytochrome c to oxidase the ∆E m increases driving force and thus, if anything, should increase rates. For the β-(3-pyridyl)-Ala analogue we must invoke, as for the succinate oxidase reaction, increased reorganizational energy costs. For the other two analogues we might consider distance. Long-range electron transfer occurs when extended molecular orbitals overlap : at very long distances the mixing of wave functions has a very low but finite probability ; tunneling might involve intermediate donor\acceptor molecular orbitals [23] . For the transfer to oxidase from Fe(II) to Cu(II), structural, mutagenic and computational studies implicate pathways that include molecular orbitals of porphyrin, Cys-17 (and possibly Phe-82) of cytochrome c, and Trp-143 and Met-267 of the oxidase [24] [25] [26] [27] . An alteration in the shape (electron distribution) of the porphyrin molecular orbital as a consequence of a lack of solvation of the haem propionate 7 could substantially alter overlap with the next molecular orbital in the chain(s), to change effective distance or alter the distribution of use of alternative pathways of varying conductance.
An obvious objection to this argument is that, in the succinate oxidase assay, effective electron transfer rates are much less, or not at all, affected. The dilemma can be resolved by proposing that in fact the routes of tunnelling are not identical in the two systems. The cytochrome c-reductase interaction is not as well studied as that with oxidase but a recent mutagenic study of a cytochrome bc " complex [28] demonstrates the importance of a region of negative charge surrounding the haem c " edge that would complement the established positively charged docking site on cytochrome c and bring the haem edges into close proximity. Direct transfer between porphyrin molecular orbitals would imply a broad single overlap rather than the constricted pathway of multiple overlaps proposed for the oxidase system, which would necessarily be more vulnerable to any change in shape of the molecular orbital of the cytochrome porphyrin.
In conclusion, we believe the role of the unique tryptophan side chain to be dual, stemming from contributions of more than one of its characteristic features. The large, planar, aromatic character is integral to stabilization of the protein core, particularly in the modulation of the electrostatic environment surrounding the haem moiety. This environment sets the redox potential and contributes to ensuring successful interaction between ferricytochrome c and complex III. However, hydrogenbond donor capability has a much greater impact on the reduced form. This was demonstrated by the substantial decrease in the electron transfer rate, when complexed to cytochrome oxidase, from cytochrome c analogues lacking a hydrogen bond at position 59. We suggest that the role of this feature is solvation of the haem propionate 7 carboxylate group. Unsolvated charge necessarily changes the shape of the porphyrin molecular orbital, with consequent effects on electron tunnelling rate.
